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Abstract
The present study aimed to investigate the mechanical, thermal, and electrochemical properties of Polyacrylonitrile (PAN) electrospun 
separators in the presence of Polyvinylalcohol (PVA) hydrophilic materials and Malonic Acid (MA) crosslinker inside the lithium-ion 
batteries. The results showed that the M3 modified separator with the MA to PVA+MA (wt./wt.) optimum ratio of 37.5 % had the best 
performance in all tests. This separator had a value of 3.16 mS/cm in the ion conductivity test. Additionally, it had an electrolyte uptake 
of 1172 % (2.39 times more than the neat PAN separator) and thermal shrinkage of 7.4 % at 180 °C, where this value was 14.5 % for 
neat PAN separator at the same experimental condition. Furthermore, the acceptable performance in the battery performance tests 
was compared with other separators.
Keywords
separator, lithium-ion batteries, electrolyte uptake, MA to PVA ratio
1 Introduction
Considerable research attention has been paid to the fun-
damental need for clean energy and novel approaches for 
decreasing the emission of deleterious greenhouse gas-
ses [1, 2]. The performance/behavior optimization of 
these types of power supplies has been extensively inves-
tigated due to the upward progress in the technology of 
second-generation (rechargeable) battery systems [3]. 
The lithium-ion battery is one of the most applicable types 
of batteries with high energy density, significant flex-
ibility, and low weight [3]. Lithium-ion batteries consist 
of several separators considered as porous membranes 
whose operational performance through the lithium-ion 
battery is entirely different from their performance in the 
membrane-based gas/liquid separation. These separators 
prevent anode and cathode contact and short circuiting. 
In addition, they play an important role in improving the 
performance of lithium-ion batteries [4, 5].
The electrospinning process, as an appropriate tech-
nique to manufacture submicron-sized polymeric fibers, 
has numerous important operational capabilities such as the 
simplicity of production parameter and suitable morphol-
ogy control [6]. Electrospun fibers are generally collected 
in the nonwoven form and extensively used as semi-perme-
able separators, filters, and optical/electronic devices [7]. 
Given the proper performance of non-woven separators and 
the importance of cost-effectiveness, the electrospinning 
process can be considered as a suitable procedure for pre-
paring separators in lithium-ion batteries [8]. Huai et al. [9] 
prepared a structure-specific PAN membrane to be applied 
as a separator in lithium-ion batteries and found that the 
structure-specific separator made of PAN was very prom-
ising for use in high safety lithium-ion batteries [9]. In 
another study, Zhu et al. [10] investigated PAN/PVDF sep-
arators to find the best separator with suitable mechanical, 
thermal, and dimensional resistance in lithium-ion batteries. 
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PAN and PVDF with different ratios were used as polymer, 
and dimethylformamide (DMF) was applied as a solvent 
for separator fabrication. The SEM test was performed to 
examine the morphology of the separators. The findings 
indicated that the sample with the same percentage of PAN 
and PVDF had the best performance in its tensile strength 
test. The sample made of only PAN polymer demonstrated 
the best performance in terms of ion conductivity, electro-
lyte uptake, thermal stability, and charge/discharge pro-
cess [10]. In addition, Agubra et al. [11] used 12 wt.% of 
commercial PAN with a molecular weight of 150,000 in 
DMF solvent at 60°C for the industrial production of PAN 
separators via the force spinning technique. SEM and DSC 
tests were applied to evaluate the separators. The results 
indicated increments in the uptake rate (from 82 to 328 %) 
and ion conductivity (from 0.33 to 1.23 mS/cm) in com-
parison to Commercial Polypropylene (PP) separator. The 
force spinning was introduced as an effective technique to 
produce high quality, industry-leading PAN nanofibers with 
high ion conductivity, low surface interaction, and low elec-
trochemical oxidation [11]. He et al. [12] examined PAN/
PVA separators to prepare lithium battery separators. PVA/
PAN in the mixed matrix membranes with weight ratios 
of 0:100, 10:90, 20:80, and 40:60 (wt./wt.) were carefully 
evaluated and denoted as BM-0, BM-1, BM-2, and BM-3, 
respectively. The results showed that mixed matrix mem-
branes with weight ratios of PVA/PAN = 10:90 and 20:80 
had a substantial effect on the morphology of both top and 
bottom surfaces. This important property highlighted the 
high electrolyte uptake (up to 585 %), brilliant thermal 
stability, appropriate ionic conductivity, and good electro-
chemical stability (up to 5.28 V). The exothermic peaks 
associated with decomposition centered at 324, 302, 299, 
and 291°C were seen in BM-0, BM-1, BM-2, and BM-3, 
respectively. The liquid uptake was 68, 369, 505, 510, and 
585 % for Celgard 2320, BM-0, BM-1, BM-2, and BM-3, 
respectively. For the Celgard 2320 separator, an identifiable 
anodic peak onset was observed at 4.24 V due to its asso-
ciation with the decomposition of the carbonate solvent. 
Insertion of PVA into PAN polymer matrix resulted in the 
higher decomposition voltage of mixed membranes with 
4.72, 4.62, 5.05, and 5.28 V in comparison to the applica-
tion of Celgard 2320 separator. After 200 cycles, the capac-
ity retention of the cells for Celgard 2320, BM-0, BM-1, 
BM-2, and BM-3 were 58, 1, 94, 96, and 40 %, respectively. 
The cell, which was assembled via BM-1 and BM-2 mem-
branes, demonstrated a better cycle performance as com-
pared with the one assembled with Celgard 2320. Therefore, 
the abovementioned advantages makes this separator a suit-
able option for application in lithium metal batteries [12].
Gaaz et al. proved that PVA could become a structur-
ally different polymer with proper mechanical proper-
ties and thermal stability due to the thermal stability of 
HNTs although it had low strength and thermal stability 
for some applications, [13]. Crosslinking is considered 
as a well-known technique which is generally applied to 
enhance the mechanical/thermal properties and increase 
the solubility of polymers. Apart from the PVA, glyoxal 
glutaraldehyde (GA) is a widely used crosslinker for poly-
mers which primarily includes amine groups such as pro-
teins [14, 15]. Other studies showed that the crosslinking 
process of PVA could be performed by applying dicarbox-
ylic acids like malonic acid (MA) with sulphuric acid as 
a catalyst to obtain esterification [16, 17]. The use of MA 
crosslinked HNTs-PVA composites significantly improved 
the thermal/mechanical properties [13].
Ivanishchev et.al in their own series of studies inves-
tigating the mechanism of lithium ion transfer in the bat-
tery and the parameters affecting it provided a model. 
Using this model, a suitable prediction for the voltammetry 
cycle was made. Their model was presented based on the 
structural features, the synthesis method, the relationships 
between the synthesis conditions, the structural and elec-
trochemical characteristics of materials. Taking account 
of the peculiarity of this model the diffusion parameters 
of lithium transport to be correctly determined. They also 
modeled impedance spectra using electrical equivalent cir-
cuit (EEC) [18–22]. Bolto et al. examined the crosslinking 
of PVA with the dicarboxylic acid oxalic, malonic, and cit-
ric acids with sulphuric acid as a catalyst at 90–120 ºC [16]. 
Malic acid (HO2C–CH2–CH(OH)–CO2H) had a more effec-
tive crosslinking agent in comparison to GA or other alde-
hydes and acids in the fabrication of thin-film composite 
membranes made by coating a polysulphone UF membrane 
with PVA [23]. In another study, Qiu et al. [24]. Studied the 
polyvinyl alcohol (PVA) as a thermoplastic and biocompat-
ible petroleum-based polymer. PVA is a rare polymer with 
a carbon-carbon single bond backbone which is entirely 
biodegradable. In addition, it is considerably hydrophilic 
and soluble in water due to the existence of hydroxyl (–OH) 
groups on alternating carbon atoms, which helps improve 
its degradation through hydrolysis [25]. Crosslinking has 
been widely applied to modify the mechanical and ther-
mal properties as well as the decline solubility of many 
polymers [14, 15]. When crosslinking is applied as resin, 
the crosslinked polymers can improve the composite 
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properties. Crosslinking is a chemical process in which 
two or more molecules are joined at disparate locations 
along their length by covalent bonds. Glutaraldehyde and 
glyoxal are two commonly applied crosslinkers for poly-
mers consisting of amine groups such as proteins [14, 15]. 
The two aforementioned crosslinkers are relatively toxic 
although they are efficacious in crosslinking polymers. 
Therefore, less toxic crosslinkers are preferred in the 
crosslinking reaction for preserving the biodegradability 
of the polymers. Malonic Acid (MA) is a dicarboxylic acid, 
made of chloroacetic acid, could be used as a crosslinker. 
Regarding toxicity, it is a better option as a crosslinker in 
comparison to glutaraldehyde or glyoxal. Some investiga-
tors have examined the crosslinking process of PVA using 
dicarboxylic acids, including MA, with sulfuric acid as a 
catalyst to obtain esterification [16, 17]. However, the effi-
ciency of crosslinking has not been very satisfactory. More 
importantly, previous studies failed to take into account the 
mechanical/thermal properties of PVA after crosslinking. 
Swelling analyses were implemented for non-crosslinked 
(control) and crosslinked PVA as well as for the resin in the 
crosslinked HNT–PVA nanocomposites to assess the level 
of crosslinking. The results indicated that the percentages 
of the crosslinked PVA and the resin in the crosslinked 
HNT–PVA nanocomposites were 93.1 and 94.8 %, respec-
tively, while the control PVA was completely dissolved 
during the sol-gel test. Based on the high gel percentage, 
the PVA was crosslinked by MA when it was catalyzed 
by phosphoric acid. In addition, the swelling powers of the 
crosslinked PVA and the resin in the crosslinked HNT–PVA 
nanocomposites were 52.3 and 51.0 %, respectively, which 
were much lower than the control (non-crosslinked) PVA 
(107.3 %) [25]. The present study mainly aims to examine 
the effect of using MA and PVA on the momentous proper-
ties of PAN electrospun separators. Additionally, this study 
investigates the impact of the simultaneous alteration of the 
MA to PVA ratios to introduce the best MA to PVA ratio 
for increasing the electrochemical, morphological, and 
mechanical properties of fabricated PAN/PVA/MA elec-
trospun separators in the lithium-ion batteries.
2 Experimental study
2.1 Preparation of electrode and cell assembly 
A uniform and monotonous mixture of 80 wt.% LiFePO4 
(EnnoPro Group, Shenzhen, Guangdong, China) with 
10 wt.% carbon black (Printex XE, Evonik, Germany) 
and 10 wt.% PVDF (Solvay, Solef® 5130) was prepared by 
utilizing N-methyl-2-pyrrolidone (NMP, Merck, Darmstadt, 
Germany) as an applicable chemical dispersant. Then, to 
prepare the cathode electrodes, the slurry mixture was 
coated onto an aluminum foil, dried, and pressed [26]. 
The lithium-ion half cell (2032-type coin) was precisely 
prepared in a glove box filled with argon by locating the 
separator soaked in a liquid electrolyte (Dimethyl carbon-
ate (DMC)/Ethylene carbonate (EC)/Diethyl carbonate 
(DEC) (DMC/EC/DEC = 1/1/1 by volume) with 1.0 M lith-
ium hexafluorophosphate (LiPF6) as a chemical electro-
lyte) between the lithium metal anode and the cathode [3].
2.2 Preparation of the non-woven separator 
PVA, MA, and PAN were dissolved in DMF to prepare 
the PAN/PVA/MA solutions by considering various blend 
ratios. Next, PAN/PVA/MA non-woven separator was man-
ufactured by the electrospinning method. Table 1 shows 
the detailed information about the required percentages of 
PVA, MA, and PAN for preparing different separators.
The single nozzle electrospinning setup (HV35P OV, 
Fanavaran Nano Meghias, Iran) was applied in this study. 
The experiments lasted for about 12 hour under the ambi-
ent conditions. The temperature and relative humidity were 
fixed at 25 ± 3 °C and 45 ± 5 %, respectively. The flow rate 
and high voltage required for making the polymer solutions 
electrospun were 1.5 mL.h–1 and 20 kV, respectively. The dis-
tance between the collector and the needle tip was 100 mm.
2.3 Characterization
2.3.1 FTIR analysis
The FTIR spectrophotometer (NEXUS-870, Thermo Nicolet 
Corporation, Waltham, MD) was applied to evaluate the 
separator FTIR spectra in the wavenumber range of 400–
4000 cm−1 at room temperature with the resolution of 1 cm−1.
2.3.2 Morphology
Scanning Electron Microscopy (SEM, Hitachi SU3500, 
Japan) was utilized to investigate the morphology of the 
separators. Atomic Force Microscopy (AFM) was per-
formed via Ara-A.F.M scanning probe optical microscope 





PVA and MA 
(wt.%)
MA (wt.)
PVA and MA (wt.) × 100
PAN 15 0 -
M1 15 5 12.5
M2 15 5 25.0
M3 15 5 37.5
M4 15 5 50.0
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(ARA model 0101/A, Iran) to evaluate the surface rough-
ness of the separators. In addition, the surface roughness 
was predicted based on the height profile of the AFM 
images in the IMAGER J software [27].
2.3.3 Calculation of the electrolyte uptake 
The desirable time spent for the immersion process of 
microporous separators in the liquid electrolyte at room 
temperature was approximately 60 min. Then, the exces-
sive electrolytes were properly removed. The evaluation 
trend of separator weights takes place both before and after 
the immersion process in the liquid electrolyte. Eq. (1) was 









where w and w0 represent the weights of the separators after 
and before the immersion process in the liquid electrolyte, 
respectively.
2.3.4 Measurement of wettability
A contact angle goniometer was used to measure the sur-
face wettability and hydrophilicity of the separators. For 
this purpose, a commercial drop shape analysis system 
(Kruss GmbH, Hamburg, Germany) was operationally 
applied to measure the static contact angle of the separa-
tors with deionized water [28]. 
2.3.5 Evaluation of tensile
Instron 5566 (Instron Co., U.S.A) is an appropriate appa-
ratus applied for measuring the tensile strength of the sep-
arators at room temperature. The test rate and the sample 
size were 5 mm/min and 100 mm × 10 mm for separators, 
respectively.
2.3.6 Measurement of thermal shrinkage
To measure the dimensional stability of the separators at 
high temperatures, their thermal shrinkage was calculated 






×0 100 , (2)
where S and S0 are the separator areas before and after the 
heat treatment, respectively. The separators were placed in 
an oven at 140–180 °C for approximately 30 min.
2.3.7 Evaluation of ion conductivity
The bulk resistance of the prepared liquid electro-
lyte-soaked separators located between two stainless steel 
plate electrodes was measured using Electrochemical 
Impedance Spectroscopy (EIS) at room temperature and 
the voltage amplitude and frequency range of 10 mV and 
10−1-105 Hz, respectively. Furthermore, ionic conductiv-
ity was measured using the PGSTAT302N Galvanostat/








where σ, d, A, and Rb denote the ion conductivity, the 
thickness of the separator, the effective area, and the bulk 
resistance of the separator, respectively. The thickness of 
the separators was measured using a digital micrometer 
(Mitutoyo Corp, Japan) with an accuracy of 1 μm.
2.3.8. Measurement of battery performance
The NEWARE battery testing system with the operating 
voltage range of 2.5–4.2 V was applied to perform the dis-
charge rate tests at the C-rates of 0.1C, 0.2C, 0.5C, 1.0C, 
2.0C, and 0.1C. The cycling performance of the desired 
fabricated cells by applying disparate separators was eval-
uated at 0.5C for 100. For activation, all fabricated cells 
were cycled twice in the voltage range of 2.5 to 4.2 V at a 
current rate of 0.1C.
3 Results and discussion
3.1 FTIR spectroscopic analysis
Fig. 1 shows the FTIR spectra of PAN, M1, M2, M3, and 
M4 separators fabricated with PAN/PVA/MA polymer 
composites. As expected, when the MA was prepared 
to react with PAN/PVA, the carboxylic groups (COOH) 
in MA react with the hydroxyl groups (OH) in the PVA 
forming ester linkages. The broadband at 3500–3600 cm–1 
wavenumber as a result of the O-H stretching vibration 
caused by the strong intra-molecular and intermolecular 
Fig. 1 The FTIR spectra of the separators
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hydrogen bonding [31]. The absorbance intensity ratio for 
O–H to C–H bands indicated a decrease for control PAN 
in comparison to the crosslinked PAN/PVA/MA, which 
shows a deterioration in the O–H groups and proves the 
crosslinking of PAN/PVA by MA [32]. Absorptions at the 
wave numbers of 2800–2900 cm–1 are confirmed because 
of the CH asymmetric and symmetric stretching [33]. 
Additionally, it is related to the stretching of aliphatic C-H 
bonds [32]. This lower absorption indicated a decrease in 
the O-H groups and confirmed the crosslinking of PVA 
and PAN by MA, which is in line with the results of pre-
vious research [13, 32, 34]. For all prepared separators, the 
absorption peak at the wavenumber of 2225 cm–1 is asso-
ciated with the stretching vibration of nitrile groups. The 
sharp absorption at 1650–1750 cm–1 (stretching of C=O) 
for non-crosslinked specimen was weak (intensity ratio 
of C=O to C-H), which indicates the presence of carbonyl 
(C=O) in the nanocomposites from the no hydrolyzed ace-
tate group [32, 34]. In other words, in addition to the no 
hydrolyzed vinyl acetate groups, some residual unreacted 
carboxylic groups from MA and carboxylic ester groups 
(Fig. 1) and crosslinked PAN/PVA contributed to the stron-
ger C=O absorption [25]. 
A sharp peak can be easily seen in the wave number 
range of 1100 cm–1, which could be due to the stretching 
O-H group and the reaction of PAN and PVA with MA 
which eventuated in a significant deterioration in the inten-
sity of O-H group. The peaks at 500–550 cm–1 is related to 
CH2 [35]. It could be speculated that the changes observed 
in the peaks trend were mostly related to the influence of 
PVA and MA on the combined polymer. 
3.2 Morphology
The electrospun and non-woven membranes were ran-
domly overlaid layer-by-layer, and no beads existed micro-
scopically in the fibers. The presence of beaded fibers is an 
important problem in the electrospun Nano fibrous mem-
brane separator, which can negatively affect the lucrative 
properties of the electrospun Nano fibrous membranes [36]. 
Fig. 2 shows the surface SEM images of PAN, M1, M2, M3, 
and M4 separators. As shown the bead free fibrous structure 
with large pores number is the principal structural character-
istic of all the fabricated separators. Viscosity is a momen-
tous parameter which plays a key role in changing the fiber 
size [37]. The diameter of the average fibers was controlled 
by regulating the concentrations of polymers and electro-
spinning parameters [36]. Enhancement in the amount of 
PVA and MA polar materials in the PAN solution resulted in 
substantial improvement in the viscosity of the solution and 
consequently the diameter of the fibers [38, 39]. The forces 
caused by the entanglement of the polymer chains entering 
the jet under the electric field increased by increasing the 
polarity of the solution and the amount of charge carried 
by jet, which resulted in fabricating smaller fiber diame-
ters [40]. A decrement in die swell phenomenon was seen in 
crosslinked membranes, which can facilitate the production 
of fibers with smaller diameters [20, 40].
Fig. 2 shows the high magnification of SEM image for 
the crosslinked membranes in which the bonding structures 
were formed among the adjacent fibers of PAN/PVA [41]. 
This change and creation of the network in Fig. 2 are 
related to visible M1 to M4 samples.
3.3 Thermal shrinkage
The thermal shrinkage of separators occurs when the tem-
perature increases to the softening temperature [5]. Thermal 
shrinkage of the separator takes pace due to the density gra-
dient between the crystalline and the amorphous polymer 
phases [42]. The shrinkage amount can be attributed to 
mechanical and thermal resistance [25, 43].
Table 2 shows the thermal shrinkages for PAN, M1, M2, 
M3, and M4 separators at temperatures of 140, 160 and 
180 °C. It is worth noting that PVA has lower melting point 
and lower thermal resistance compared to neat PAN at high 
Fig. 2 SEM images of (a) PAN, (b) M1, (c) M2, (d) M3, and (e) M4 
separators
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temperatures [44]. However, as mentioned in SEM section, 
no shrinkage increment occurred, and there was some resis-
tance to deformation at high temperatures in the M1, M2, 
M3, and M4 separators by the assistance of MA cross-linker 
and the network formation between the fibers. The amount 
of M3 thermal shrinkage at 180 °C is 7.4 % while the PAN 
thermal shrinkage considering similar operational conditions 
is 14.5 %. The formation of the network in separator cre-
ated a structure in which the polymer chains were intercon-
nected molecularly, which prevented from moving the poly-
mer chains rapidly and easily, and increased the resistance 
of the separator to further deformation due to an increase 
in the temperature [45]. An improvement in the shrinkage 
resistance rate occurred in separators by increasing the 
amount of MA crosslinker and the formation of a network 
structure (Fig. 3). However, the trend changed in M4 com-
pared to M3 due to the saturation of OH functional groups 
in PVC by MA or the lack of its participation in the related 
reaction. As the MA further increases, it can play the role 
of a plasticizer in the mixture and reduce the shrinkage 
resistance due to its inherent properties. On the other hand, 
a decrement in the overall resistance of the M4 membrane 
can be observed compared to M3 by reducing the amount 
of PVA, which has higher thermal resistance than MA.
3.4 Tensile strength
Table 2 shows the results of tensile strength for PAN, M1, 
M2, M3, and M4 separators. Tensile strength is directly 
related to the length of the polymer chains in terms of 
their length and how they are bonded to each other [10]. 
In the prepared samples, a substantial decrement in ten-
sile strength occurred [44] by increasing the amount of 
PVA hydrophilic material to neat PAN, which had less 
tensile strength in comparison to PAN [41]. The polymer 
network of PAN/PVA/MA could be tailored into a three- 
dimensional network structure at the molecular level, which 
would considerably enhance the strength for the whole 
membrane [43]. Due to the interpenetrations of PAN/PVA/
MA fibers, the PVA would immobilize the PAN to some 
extent by forming connection points. Furthermore, the 
toughness of PAN membrane improved from 3.61 Jg–1 to 
6.23 Jg–1 [32] because of adding PVA. In comparison with 
PVA fibers, the PAN fibers play a role in the decreased ten-
sile strength [32, 34]. However, increasing the amount of 
MA acted as a crosslinking agent by decreasing the PVA 
effect, creating a chain link, and significantly enhancing 
the tensile strength in the samples (M3 = 7.1 MPa). Hence, 
the alterations can be evaluated now. The tensile strength 
amount reduced in the M1 sample, where the MA level in the 
combination between MA and PVA was low and more PVA 
value was used in the membrane composition compared to 
MA. In M2 and M3 samples by increasing the MA in the 
MA/ PVA combination, the increment in the tensile strength 
could be justified by enhancing the number of chains due to 
the greater presence of MA. As the amount of PVA in the 
samples increased, some samples could not participate in the 
reaction and act as plasticizers due to their intrinsic prop-
erties, which may be the reason for the reduction in tensile 
strength in the M4 sample. Further, plasticizing resulted in 
increasing elongation at break from 100 % to 400 % in com-
parison with plasticized starch while Young's modulus and 
tensile strength decreased by one order of magnitude [46].
Table 2 Thermal shrinkages and tensile strengths of PAN, M1, M2, M3, and M4 separators








(MPa) Contact Angle (°)
PAN 0.650 4.8 7.4 14.5 6.1 86
M1 0.940 5.3 7.8 16.2 5.6 76
M2 1.180 4.5 6.0 9.9 5.9 61
M3 1.370 2.9 4.8 7.4 7.1 36
M4 1.315 2.9 4.9 7.7 6.8 42
Fig. 3 The schematic view of PAN and PVA using MA
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3.5 The wettability of the separators 
The wettability of the separators plays an essential role in 
the operational efficiency of the lithium-ion batteries. The 
surface hydrophilicity was investigated to analyze the wet-
tability of the separators [47]. To this end, the water contact 
angle with the separators was measured [48]. The obtained 
contact angle PAN, M1, M2, M3, and M4 separators are 
presented in Table 2. The addition of PVA/MA led to a sig-
nificant increment in the hydrophilicity of PAN separator 
and a substantial decrease in the water contact angle [49]. 
Several studies showed that the MA and PAN had signifi-
cant polarities, which could influence the wettability, con-
ductivity behavior, and ion transport [50]. The presence of 
OH polar groups in MA and PVA increased the possibil-
ity of polar-to-polar relation with a water molecule, which 
resulted in higher water absorption in M3 and M4 samples 
with a water contact angle of 360 and 42°, respectively [49]. 
An increase in the amount of MA eventuates in increas-
ing the amount of the network structure in the separator. 
However, when the MA amount exceeded the saturation 
level, the MA acted as a plasticizer filler and considerably 
reduced the surface roughness [49]. The surface roughness 
of the separators with MA significantly increased in com-
parison to the PAN separator. Further, the neat PAN separa-
tor displayed Root Mean Squared (RMS) surface roughness 
value of 6 nm for M1: 5.2 nm, M2: 6.1 nm, M3: 8.4 nm, and 
M4: 8.2 nm. The surface roughness results could be justi-
fied by considering the fact that the surface roughness in M1 
was lower than the PAN. The considerable decrease in the 
overall surface roughness is due to the lower amount of PVA 
surface roughness as compared to PAN [49]. By increas-
ing MA into the solution as a cross-linking agent, the sur-
face roughness increased due to the formation of network 
and tentacle on the surface. The results are consistent with 
Wenzel's theory, which improves hydrophilicity [49, 51]. 
Theories of Wenzel and Cassie-Baxter, which are used for 
porous surfaces, can be applied to describe the behavior 
of the droplets on surfaces. Since the surface of the proto-
type had a contact angle of 86°, increasing the roughness 
of the surface could increase the level of the surface hydro-
philicity. This theory, along with the intrinsic properties of 
the substances added to the PAN, can justify the wettabil-
ity behavior [52]. The pure PAN separator had the highest 
contact angle value of 86°. In comparison, the blend sepa-
rators showed a lower contact angle, which indicated the 
improved hydrophilicity of the modified PAN separators by 
the addition of hydrophilic materials (PVA and MA). A sim-
ilar improvement in the hydrophilicity of the separators was 
reported by Li et al. [49].
3.6 Liquid electrolyte uptake
Electrolyte uptake is an indispensable parameter to eval-
uate the electrolyte absorption capacity of the separa-
tors [3]. The separators applied in the lithium-ion batter-
ies should be practically wetted with the electrolyte and 
have proper electrolyte uptake to increase their stability 
and simplify their assembly [53]. Fig. 4 shows the elec-
trolyte uptakes of the PAN, M1, M2, M3, and M4 sepa-
rators. As shown in Fig. 4, the electrolyte uptake of M3 
separator is 1172 %. The porosity and wettability of the 
separators are the design/operational parameters, which 
directly influence the electrolyte uptake [54]. As shown in 
Table 2, the contact angle of M3 separator is significantly 
lower than the PAN separator, which could be attributed 
to higher electrolyte uptake and is in line with the findings 
of some previous studies [3, 26].
3.7 Ion conductivity
Figs. 5 and 6 shows the experimental results of the ion con-
ductivity analysis for PAN, M1, M2, M3, and M4 separa-
tors. As shown in Fig. 5, an increase in the amount of liquid 
electrolyte in the pores of the separator and lithium-ions 
migration from the separators can positively enhance the 
ion conductivity by forming the separator network struc-
ture [55]. Since the electrolyte uptake of these separators 
Fig. 4 The electrolyte uptakes of PAN, M1, M2, M3, and M4 separators
Fig. 5 Ion conductivity of PAN, M1, M2, M3, and M4 separators
438|Khodaverdi et al.Period. Polytech. Chem. Eng., 65(4), pp. 431–441, 2021
increased compared to the neat PAN separator, there is 
a competitive relationship between these two important 
operational parameters, which can possibly influence the 
ion conductivity [54]. As seen in Fig. 5, the ion conductiv-
ity of the M3 separator considerably increased from 1.1 to 
3.16 mS/cm for M3 in comparison to the PAN neat separa-
tor by enhancing the amounts of PVA hydrophilic polymer 
and MA cross-linking agent.
3.8 The analysis of cycling performance and rate 
capability
Fig. 7 shows the cycling performance of the neat PAN and 
M3 separators. As shown in Fig. 7, an excellent lithium-ion 
battery performance occurred when the M3 separator was 
used. In addition, the discharge capacity of PAN and M3 
separators declined from 151.01 to 135.95 and from 154.61 
to 145.53 mA.h/g, respectively, after 100 cycles, which 
may be due to the enhancement of the ion conductivity 
and appropriate structural expansion [5]. Higher resis-
tances were eventuated in lower ion conductivities, which 
reduced the discharge capacities. The increased amount of 
cell resistance could be attributed to the physical changes 
in their active materials and interfaces [26]. The cells were 
enforced to charge and discharge at high rates to ensure 
the appropriate capacity rate (C-rate) performance of the 
LiFePO4/Li cells including a separator. A good cycling 
performance can be due to two reasons. First, the porous 
structure of the M3 separator results in enhanced liq-
uid electrolyte wettability and ion transport. Second, the 
higher capacity of the M3 separator to maintain a more 
liquid electrolyte compared with the neat PAN separa-
tor leads prevents leakage in the liquid electrolyte during 
cycling, and then the separator improved cyclability.
Fig. 8 shows the rate capability of the neat PAN and 
M3 separator. At 0.1 C, the C-rate of the cells including 
neat PAN separator is 152.81 mAh/g, which decreased to 
approximately 106.76 mAh/g when the capacity reaches 
2 C. However, the C-rate of the cells containing M3 sep-
arator is higher than PAN and equals to 155.71 at 0.1 C and 
129.64 mAh/g at 2 C, respectively. It is worth mentioning 
that ion conductivity and the interfacial resistance of the 
separators are considered as two prominent parameters, 
which significantly influence the C-rate efficiency [3]. 
The superior ion conductivity as well as the more appropri-
ate interfacial properties of the cells including PAN/PVA/
MA after uptaking liquid electrolyte enhanced the C-rate 
of the M3 separator in comparison to the PAN separator.
4 Conclusion
In this study, PAN membranes were fabricated by applying 
the electrospinning technique for using as a separator in 
lithium-ion batteries. MA and PVA in the separators were 
used as hydrophilic and crosslinking materials, respec-
tively. In addition, the optimum ratio of MA to PVA was 
determined to introduce the best mechanical, morpholog-
ical, and electrochemical performance of PAN/PVA/MA 
Fig. 6 AC Impedance spectra of separators
Fig. 7 The cycling performance of PAN and M3 separators
Fig. 8 The results of C-rate capability tests for the cells containing PAN 
and M3
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electrospun separators inside the lithium-ion battery. The 
results showed that PAN separator in the presence of PVA 
and MA with the ratio of 37.5 % (37.5 % MA / PVA+MA), 
known as M3 in the present study, had the best performance 
in comparison to other fabricated separators. Additionally, 
the electrolyte uptake and the thermal shrinkage of M3 
separator were calculated as 1172 % and 7.4 %, respec-
tively, while these values were reported as 490.5 % and 
14.5 % for neat PAN in the same experimental condition. 
The comparison indicated the superior performance of 
the M3 modified separator compared with the neat PAN. 
Based on the results of the ion conductivity test, this sep-
arator indicated a value of 3.16 mS/cm which was better 
than the other separators.
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